Highly purified DNA ligase from T4 infected E.coli displays an RNA nicking activity which cleaves endonucleolytically the RNA of ribo-desoxy-and riboribo type doublestranded structures to oligonucleotides with 5'phosphoryland 3'hydroxy termini. In the presence of ATP the generated nicks are repaired by the ligase except at the ends of the doublestranded regions where some short oligonucleotides are released before ligation can occur. As judged from its behaviour during the various purification steps and from some of its properties, the nicking activity seems to be different from known nicking enzymes.
INTRODUCTION
DNA ligase of T4 infected E.coli has proved to be very versatile for the in vitro synthesis of polynucleotides (1). The enzyme has been used mainly for repairing nicks in doublestranded DNA structures (1). Recently the enzyme was also utilized successfully for the head to tail joining of synthetic oligonucleotides in ribo-desoxy type, as well as ribo-ribo type doublestranded structures (2, 3, 4) . In an attempt to use this latter activity of DNA ligase for the joining of oligoribonucleotides arranged in juxtaposition by a complementary polydesoxypolynucleotide we realized that highly purified DNA ligase preparations contain an RNA nicking activity. In the presence of ATP this activity is counteracted by the ligase activity and becomes evident only from the action at positions very close to the end of a doublestranded hybrid region. Apparently here the doublestrand is destabilized by a nick and falls apart before ligase can repair the nick.
The nicking enzyme was found to work also on ribo-ribo doublestranded structures. Since this nicking activity seems to be tightly associated with DNA ligase, thus hampering certain applications of DNA ligase, we decided to analyse some of its properties and to study some of its implications for in vitro ligase reactions. As judged from its behaviour during the various steps of the purification procedure and from some of its properties such as sensitivity to salts and inhibitors, the nicking activity seems to be different from RNase H (5, 6) and RNase III (7, 8) , the other RNA nicking activities of E.coli known so far. [ HJ- Oligo(rA) and [ Hj-Oligo(rl) were prepared by limited alkaline hydrolysis (6 mg/ml, 8 minutes at 37°C in 0.4 M KOH) of the corresponding polyribonucleotides (synthesized from I Hj-nucleoside diphosphates with polynucleotid-phosphorylase (9) and purified by gel filtration with the combination column (14) . Oligo(rA) . ± Hj(rC) . was prepared by elongating oligo(rA) (commercial (Boehringer)) by catalysis of polynucleotide phosphorylase under strictly primer dependent conditions as described previously (9) . The presence of unreacted oligo(rA) was excluded by chromatography on the combination column. The number of rCresidues added was 32 3 estimated by the ratio of P to H after labelling the 5'end hydroxy group '"32 ' with ^ PJ-phosphate in the presence of polynucleotide Kinase (9).
MATERIALS AND METHODS

Mono
Poly(rA), poly(rC), poly(rO) and poly(rl) were obtained from Boehringer.
Poly(dT) and poly(dA) were synthesized with terminal deoxynucleotidyl trransferase according to Kato et al. (10) .
T32 1 Replicative form (RF) of phage Q8, unlabelled and[ Pj-labelled, were obtained as described previously (11) with the additional separation of RF from RI (Replicative Intermediate) by repeated precipitation from 1.5 M NaCl.
The concentration of mono-, oligo-and polynucleotides was determined by spectrophotometry using known molar extinction coefficients. Oligo-and polynucleotide concentrations are given in mononucleotide equivalents.
Polynucleotide phosphorylase, venom phosphodiesterase and alkaline phosphatase were products of Boehringer. The preparation of polynucleotide Kinase and L -p ATP has been described previously (9) . DNA-liqase from T4 infected E.coli was prepared as described previously (4) with two additional purification steps. The appropriate pool of the phosphocellulose column eluate was absorbed to a hydroxylapatite column (equilibrated with 10 mM K-Phosphate (pH 7.4), 5 mM KC1, 1 mM 6-mercaptoethanol and 5% glycerol) and eluted with the buffer containing a linear gradient of O to 12.5% saturation ammonium sulfate (12) . The enzyme, eluted at about 3% saturation of ammonium sulfate, was dialyzed against 10 mM Tris (pH 7.4), 1 mM B-mercaptoethanol and 5% glycerol and absorbed on a DEAE-Sephadex A-50 column (equilibrated with 10 mM Tris (pH 7.4), 1 mM mercaptoethanol and 5% glycerol) and eluted with a linear gradient of 0 to O.3 M NaCl in the equilibrating buffer according to K.W. Knopf (13) . The ligase eluted at about 0.16 M NaCl.
After dialysis against 10 mM Tris (pH 7.4), 1 mM 6-mercaptoethanol and 60%
glycerol the ligase displayed a specific activity of 24OO units/mg protein -9 32 (1 unit equals to 10 mole of P incorporated into charcoal absorbed material per 20 minutes at 37 C ) . This ligase preparation was free of detec- 
Methods:
Gel filtration chromatography was performed with the combination column described by J. Stavrianopoulos et al. (14), consisting of Sephadex G75-and Biogel A 1.5 m.
All radioactive determinations were made in a Beckmann liquid scintillation spectrophotometer using a toluene based scintillator or measuring the Cerenkov radiation directly.
RESULTS
Characterization of the nicking activity:
The effect of the nicking activity on a ribo-desoxy hybrid structure is demonstrated in figure 1 . Poly(dT)/(rA) was incubated with the ligase preparation, then labelled with P at all 5'hydroxy groups after an alkaline phosphatase treatment, denatured and submitted to a gel chromatography.
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• - Figure 1: Chromatoqraphy of polynucleotides treated with liqase in the absence of ATP. 50/ul of standard enzyme assays containing 0.6 mM poly(rA) and 0.5 mM poly(dT) were incubated for 18 hours at 0°C. The assay mixture belonging to part A was incubated without poly(dT) . Then DEP was added to O.2% and the solutions were incubated for 30 minutes at 37°C and for 10 minutes at 60 C. The mixtures were treated with alkaline phosphatase (1^-ug of 1 mg/ml, 3O minutes 60 C) . After destroying the alkaline phosphatase with 0.2% DEP 130 minutes at 37°C, 15 minutes 6O°C) the 5'OH ends were labelled with[ P ] -phosphate by transfer of i,-phosphate fromj^p] ATP with polynucleotide Kinase. The 100^1 reaction mixture contained O.I M Tris (8.O), 6 mM DTE, 0.12 IIIM1^3
2 P]ATP and 8O units of polynucleotide Kinase. After incubation for 2 hours at 3O°C the reaction mixture was heated at 1OO C for 2 minutes with 40% formamide, brought to 7 M urea and applied to the combination column equilibrated with 1O mM Tris-HCl (pH 7.4) and 7 M urea. The [ 3 2 P] radioactivity of the fractions was analysed by Cerenkov radiation.
The inset of part B represents the paper electrophoretic analysis (performed as described in table 1) of the venom phosphodiesterase hydrolysis of material from peak I and of the total alkaline hydrolysis of material of peak II. Evidence for the mode of action of the nicking activity was obtained by a paper-electrophoretic analysis of the products from a total_ alkaline hydrolysis of ligase treated poly(dT)/PHjoligo(rA) and poly(rC)/PHJoligo(rl) . Table 1 shows that in both cases nucleoside and 5',2'(3')-nucleoside diphosphates are formed in about same amounts, indicating the generation of 5'phosphate and 3'hydroxy termini by the nicking activity.
As already suggested from the data of figure 1 the nicking activity acts strictly endonucleolytically. A G25-Sephadex chromatography of the products of ligase treated H -labelled polyCrA) either in a hybrid with poly(dT) or in doublestranded RNA with poly(rO) did not reveal any mononucleotides or small oligonucleotides included in the gel (data not shown). The mixtures were adjusted to 1% SDS and 3O mM EDTA, treated with a phenol-CHC1 3 m i x ture (8 vol. phenol-2-vol. CHCI3 and dialysed against 1 mM EDTA. After drying the solutions by Evapomix evaporation the material was dissolved in 60 ^ul 5 mM Tris (pH 7.6). 20/Ul of this solution were taken without further treatment for the polyacrylamide electrophoresis. The remaining 40^jl were adjusted to 40% formamide, heated for 1 minute at 1OO°C and quickly cooled. After adding Q& RNA as optical density marker to both solutions, they were each applied to 2% polyacrylamide gels containing 0.5% agarose and run for 9O minutes at 2O°C and 5 mA/gel in the buffer system described by Bishop et al. (16) . The gels were scanned at 260 nm in the Joyce-Loeble densitometer, frozen, and cut into 1 mm pieces with a razor blade device. The pieces were counted for^^pj radioactivity in a toluene-Methanol-mixture. The unheated samples are shown by ( •-•-•) , the heated Ones by (0-0-0) .
Further properties of the nicking activity are summarized in table 2. The nicking activity is dependent on Mg and on dithiothreitol and is not influenced by the presence of 0.1 M NaCl. 7 mM AMP has no effect on the activity. The activity is inhibited to 30-5O% by NEM and to more than 90%
by NaF and by Iodoacetate. It should be mentioned that there is a linear relationship between the activity, and enzyme concentration over a wide H -oligo(rA)/poly(dT) The solutions were spotted on Schleicher and Schull paper (Nr. 2040b) previously treated with 0.4 M EDTA. After electrophoresis for 1.5 hours at 2000 V in O.15 M ammonium acetate (pH 3.5) and localization of the markers by UV light quenching, the paper was cut into 1 cm strips and counted for radioactivity. Control experiments without ligase addition resulted in less than 1% of the corresponding nucleoside diphosphates and nucleosides. A lOOyiul standard incubation assays containing[ HJoligo(rA) ( 5 x 1O cpm) and poly(dT) or[ H]oligo(rl) (5 x 10 cpm) and poly(rC) were performed at 30°C. 20/ul aliquots were taken at various time intervals, heated for 1 minute at 10O°C in the presence of 40% formamide and assayed for acid insoluble radioactivity as described previously (9) . The 1OO% of the complete assay correspond to 3OOO cpm solubilized from a 2O yul sample after 1 hour of incubation. The size of the[ 2 P] radioactivity as described previously (9) t3O minutes at 6ooc, 1 mg/ml enzyme). The charcoal absorbed radioactivities of experiments from a complete enzyme reaction mixture (e-»-e) and from a reaction mixture without poly(dT) addition ( o=-o-o) are plotted in the same figure. The inset shows a paperelectrophoretic analysis (90 minutes, 2000 Volt) of the total alkaline hydrolysis of 40/ul of a standard mixture containing 0.12 mM|_5 ' - Since the nicking activity will also hydrolyse those phcisphodiester bonds which are close to the 5'end of the|5'-P ] (rA) .-(rC) , , P labelled L J lo 4o oligo(rA) nucleotides will be released from the poly(dT)/oligop(rA) -(rC) . complex. The analysis of the reaction products by homochromatography 
DISCUSSION
Recently the in vitro application of DNA ligase of T4 infected E.coli could be extended to the head to tail joining of oligoribonucleotides hydrogen bonded to poly desoxy -or polyribonucleotides (2, 3, 4) . This finding suggests the further use of ligase for the covalent connection of RNAs with specific sequences. The RNA nicking activity, however, which is closely associated with highly purified DNA ligase preparations, must be considered as an interference factor for such in vitro uses of ligase involving RNA.
For instance it will be difficult to connect covalently with one another two different RNA molecules, if only parts of them are hydrogenbonded to a complementary DNA sequence for aligning them into juxtaposition for the ligation step. The "nicking" events close to the ends of the doublestranded region will cause the loss of the singlestranded parts of the RNAs. Such a ligase catalysed connection of specific RNA sequences will be even more difficult if doublestranded RNA structures are used for the ligation step since, in this case, both strands will be susceptible to the nicking activity.
The RNA nicking activity resembles in some of its properties two endonucleases of E.coli, namly RNAse H (5,6) (active on desoxy-ribo hybrid structures) and RNase III (7, 8) (active on doublestranded RNA). In its behaviour in some of the purification steps, however, it differs from these enzymes. The nicking activity elutes from DEAE-cellulose at 0.10 M NaCl (RNAse H elutes from DEAE-cellulose at 0.07 M NaCl, RNase III does not absorb) and elutes from phospho-cellulose at 0.4 M NaCl (RNase H at O.2 M NaCl). There are further differences in the response of the enzymes to salts and inhibitors: e.g. the nicking activity is independent of monovalent cations on which RNAse III is completely dependent. In contrast to RNase III, the nicking activity and RNase H need both dithiothreitol for activity.
RNase H is inhibited more than 9O% by 2O mM NEM, while the nicking activity is inhibited less than 30%.
These properties together with the finding that the RNA nicking activity works to a similar extent on ribo-desoxy structures and ribo-ribo structures suggests to us that the nicking activity is not due to a contamination by RNase III or by RNase H. Whether the nicking activity is part of the ligase protein itself or whether it represents an new enzyme cannot be decided yet.
In any case, for an unequivocal application of DNA ligase in synthetic work with RNAs the removal of the nicking activity or the selective inhibition of the nicking activity seems to be inevitable.
